When an aortic valve must be replaced, options for valve substitutes include mechanical valves, bioprosthetic valves, aortic valve homografts, and the Ross procedure (pulmonary autograft). For older patients, this choice is less critical, because bioprosthetic valves are durable in this age group. 1, 2 Younger patients with a longer life expectancy must be counseled carefully, because they face a higher cumulative incidence of prosthesis-related complications. When choosing a valve substitute, physicians and patients should consider the following clinically important outcomes after aortic valve replacement (AVR): survival, valve-related complications (eg, degeneration, reoperation, bleeding, thrombosis and thromboembolism), and quality of life.
BIOPROSTHETIC AVR IN YOUNG AND MIDDLE-AGED PATIENTS
Implanting bioprosthetic valves in patients before the fifth or sixth decade of life is problematic. Patient survival and bioprosthetic valve durability are known to be highly dependent on age, with worse durability [1] [2] [3] [4] and worse than expected survival [5] [6] [7] following bioprosthetic AVR in younger patients. Furthermore, both randomized and retrospective studies have reported a survival advantage for mechanical valves over bioprosthetic valves in younger patients. [8] [9] [10] The lifetime risk of reoperation for a 35-year-old patient receiving a bioprosthetic valve is 63%, and the risk of structural valve deterioration is even greater. 11 Despite these data, however, the use of bioprosthetic heart valves in the United States nearly doubled from 1997 (42.6%) to 2006 (78.4%). 12 This increase was seen across all age groups, although less so in younger patients. 13 This trend has continued in the face of suboptimal outcomes following transcatheter valve-in-valve procedures in elderly patients, particularly those with small surgical bioprostheses, who have a 1-year mortality of 25.2% after valve-in-valve implantation.
14 On the other hand, there is a paucity of data regarding transcatheter valve-in-valve procedures for failed bioprosthetic surgical valves in younger patients.
Although the idea that outcomes of transcatheter valvein-valve implantation will be superior in younger patients is plausible-especially if prostheses 25 mm are implanted at the index operation-this remains to be demonstrated rigorously. In addition, the durability of transcatheter aortic valve replacement, let alone valve-invalve implantation, remains unknown. Furthermore, although reoperative AVR may be done with reasonably low risk, 15 young and middle-aged patients face multiple potential reoperations of increasing complexity. Bioprosthetic valves may be considered in young and middleaged patients with a short anticipated life expectancy or those making an informed choice regarding the risks of reoperation.
AORTIC VALVE HOMOGRAFTS IN YOUNG AND MIDDLE-AGED PATIENTS
The effect of patient age on valve durability is also observed following AVR with an aortic valve homograft. In a randomized trial of the Ross procedure versus homograft root replacement in patients age <69 years requiring aortic valve surgery, the hazard ratio for death in the homograft group was 4.61 (P ¼ .006). 16 Poor durability, limited availability, and increased complexity of reoperations have restricted the use of homografts. Nonetheless, we believe that this technique remains a useful option in patients with endocarditis and an aortic root abscess.
MECHANICAL AVR IN YOUNG AND MIDDLE-AGED PATIENTS
Mechanical prostheses have long been the most frequently used option for AVR in younger patients. Advantages include ease of implantation with a simple, standardized technique and proven durability in a wide range of patients. All major guidelines recommend the use of mechanical valves in patients under age 60 years, although this level IIa recommendation is based on class C evidence. 17, 18 Recent studies have reported an excess mortality in young adults undergoing mechanical AVR compared with the age-and sex-matched general population. 19 In fact, the younger the patient at the time of surgery, the greater the risk of mortality. 20 Although mechanical valves are widely considered the most durable valve choice, rates of reoperation following mechanical AVR are not negligible. Prospective studies show a reoperation rate of 0.6% to 1.8% per year owing to valve-related complications, including valve thrombosis, pannus formation, infection, and paravalvular leak. 8, 21, 22 The burden of anticoagulation is the main disadvantage of mechanical heart valves, with associated risks of valve thrombosis, cerebral thromboembolism, and hemorrhage. In studies with >20 years of follow-up, the linearized rate of thromboembolic complications or major bleeding has been between 1.1% and 4.5% per year. 23, 24 In one study, freedom from valve-related mortality or morbidity at 20 years after mechanical AVR was only 32%. 23 It has been suggested that self-monitoring of oral anticoagulation may mitigate some of these risks, 25 although this remains controversial. 26 Similarly, newer generations of mechanical bileaflet prostheses may require less aggressive anticoagulation, 22 although the rates of major bleeding (1.48% per patient-year) and ischemic stroke (0.74% per patientyear) remain substantial, even with lower international normalized ratio targets. 22 After 20 years, 20% of patients will have experienced a stroke or episode of major bleeding. The design of more thromboresistant valves that require less or no anticoagulation is an area of active research that may ultimately change practice.
ROSS PROCEDURE
Replacement of the aortic valve with a pulmonary autograft and placement of a homograft in the pulmonary position was originally described by Ross in 1967. 27 Several groups have reported excellent early results and long-term survival similar to that of the general population following the Ross procedure. [28] [29] [30] Despite these excellent results, however, use of the Ross procedure remains extremely limited, with only a handful of centers worldwide offering a large volume of experience. Reece and colleagues observed a dramatic decline in use of the Ross procedure from a peak of 1.2% in 1998 through its nadir in 2010, when it accounted for only 0.09% of AVR procedures performed annually in North America. 31 Only 9 centers in the Society of Thoracic Surgeons (STS) database averages 5 or more Ross procedures per year.
Although high-volume centers have published outstanding results with early mortality rates of <1%, 28,32 some of the reluctance by surgeons to adopt the Ross procedure may be be related to the perceived increased operative risk. In a systematic review and meta-analysis, Takkenberg and colleagues 33 reported a pooled operative mortality of 3.2% in adults undergoing the Ross procedure, an unacceptable rate in this young patient population. Similarly, in a recent propensity-matched analysis from the STS database, the Ross procedure was associated with a 3-fold higher operative mortality compared with conventional AVR (2.7% vs 0.9%). 31 In contrast, however, several experienced groups have reported operative mortality rates <1% in patients undergoing the Ross procedure. 32, [34] [35] [36] Most recently, data from a single center comparing propensity-matched patients undergoing isolated mechanical AVR and those undergoing the Ross procedure (70 patients per group) showed no early deaths and no differences in perioperative complications between the groups. 37 Given the well-described inverse relationship between surgical volumes and outcomes following many different cardiac procedures, including aortic root replacement, 38 it is likely that the variability in early mortality after the Ross procedure is directly related to surgeon experience and expertise. The Ross procedure should not be performed only occasionally or by surgeons not facile in root procedures.
The risk of reintervention following the Ross procedure is considered by many to be its Achilles' heel. The Rotterdam group reported a freedom from reoperation on the autograft and homograft of 57% and 93%, respectively, at 13 years, leading them and others to abandon the use of the Ross procedure in adults. 39 Advocates for the Ross procedure have suggested that the risk of reintervention may be mitigated by careful attention to surgical details and minute technical refinements. Supporting this position, several contemporary series have reported a rate of reintervention (for the pulmonary autograft and/or pulmonary homograft) ranging between 0.5% and 1.5% per patient-year, yielding a freedom from reintervention of 85% to 95% at 10 years. 16, 29, 33, 40, 41 Several predictors of pulmonary autograft failure have been identified, including male sex, aortic/pulmonary annular mismatch, aortic annulus diameter 27 mm, and preoperative aortic insufficiency. 41 Progressive dilation of the neoaortic root with consecutive autograft insufficiency is one of the most common modes of failure following the Ross procedure. As a result, several authors have suggested prosthetic 42 or autologous 36 external reinforcement of the pulmonary autograft, in an effort to mitigate the risk of late dilatation and insufficiency.
A study from the Mayo Clinic has shown that when required, reoperations after the Ross procedure may be complex and frequently involve multiple structures. 43 Although that study reported only 1 death among 56 patients who underwent reoperation at their institution-yielding a remarkably low operative mortality of 1.8% -it is worth noting that 4 additional late deaths occurred during a median follow-up of 8 months. Thus, the 1-year survival can be estimated as approximately 90%, which is low for this young patient population. Compounding the issue is the potential for failure of 2 valves following the Ross procedure; however, pulmonary homograft failure is rarely a life-threatening problem, and the advent of catheter-based pulmonary valve implantation has significantly transformed the management of this problem. 44 
COMPARATIVE STUDIES: ROSS PROCEDURE VERSUS MECHANICAL AVR
Although several studies have reported long-term outcomes following mechanical AVR or the Ross procedure, there is a paucity of comparative data between these 2 techniques. In a small study of 80 patients, the Sievers group 45 first reported superior quality of life in patients receiving a pulmonary autograft compared with those receiving a mechanical aortic valve.
The first attempt at a prospective longitudinal comparison of the Ross procedure and mechanical aortic valve replacement was reported in 2005. 46 That study, which had only limited follow-up, showed no difference in early outcomes between the 2 techniques, and a trend toward a reduced incidence of death or major complications with the use of the Ross procedure. 46 In the first propensity-matched study comparing outcomes between the Ross procedure and mechanical AVR, Mokhles and colleagues 35 found no difference in late survival between patients undergoing pulmonary autograft replacement and those receiving a mechanical aortic prosthesis with optimal self-management anticoagulation therapy. That study, which garnered much attention, had several important limitations. First, the 2 treatment groups underwent surgery in different centers, potentially introducing a ''center effect'' bias. Second, all of the mechanical AVRs were performed in a single center, whereas the Ross procedures were done in several different centers. Finally, and most importantly, the follow-up was only 5.1 years for the Ross group, compared with 6.3 years for the mechanical AVR group. A much longer follow-up is needed for this type of comparison in young patients. 35 In a comparative study boasting a mean follow-up of 7.9 years in the mechanical AVR group and 9.9. years in the Ross procedure group, Andreas and colleagues 47 reported superior long-term survival with the use of the Ross procedure in adult patients age <50 years. The Ross procedure was associated with survival equivalent to that of the age-and sex-matched general population, whereas the patients undergoing mechanical AVR showed excess mortality compared with the matched general population. However, the conclusions of that study were limited by some important baseline differences between the 2 groups, including a significantly younger age at operation for patients undergoing the Ross procedure.
In an important recent publication, Sharabiani and colleagues 48 examined early and long-term survival and freedom from reoperation in a large cohort of 1501 unselected young patients who underwent a Ross procedure or prosthetic AVR between 2000 and 2012. The authors used data extracted from the National Congenital Heart Disease Audit of the United Kingdom. This study included a subgroup of 872 young adults (age 17-40 years), of which 26% underwent a Ross procedure, 54% underwent mechanical AVR, 17% underwent bioprosthetic AVR, and 3% underwent aortic homograft replacement. Using a Bayesian dynamic survival model and a combination of propensity score matching, restriction matching, and stochastic augmentation to match patients from the 3 main groups, the authors found the Ross procedure to be superior to mechanical valves and mechanical valves to be superior to bioprosthetic valves. The Ross procedure was the only type of AVR that resulted in survival similar to that of matched general population. The benefit of the Ross procedure compared with prosthetic AVR was most pronounced in children, but persisted in young adults.
Our group recently published the longest available comparative longitudinal study examining long-term outcomes of the Ross procedure versus mechanical AVR. 34 In this propensity-matched cohort study, which included 208 pairs and had a mean follow-up of 14.2 years, early outcomes, long-term survival, and freedom from reintervention were comparable between the Ross procedure and mechanical AVR; however, the Ross procedure was associated with improved freedom from cardiac-and valve-related mortality, as well as with a significant reduction in the incidence of stroke and major bleeding at follow-up. 34 
PATIENT SELECTION AND FUTURE DIRECTIONS
The ideal candidate for the Ross procedure is a patient with aortic stenosis and a small or normal-sized aortic annulus. In such a patient, we can expect the pulmonary autograft to restore long-term survival to that of the general population, and to provide a durable solution with excellent quality of life, free from complications related to prosthetic valves. Evidence is mounting that these carefully selected patients have improved outcomes following the Ross procedure compared with those receiving mechanical valves. age <50 years. Beyond the 50-year cutoff, careful patient selection is key. In this age group (50-65 years), we reserve the Ross procedure for patients who are most likely to derive a benefit from this operation, that is, those with an anticipated life expectancy of at least 15 years, suitable anatomy, no major concomitant cardiac disease, few comorbidities, and an active lifestyle. We believe that in these carefully selected patients, the Ross procedure can be performed with no increase in perioperative morbidity and mortality. 28 The Ross procedure should be given particular consideration in young and middle-aged patients contemplating pregnancy, those with high levels of physical activity, and those who either have contraindications to or prefer to avoid anticoagulation. Women of childbearing age who require AVR face significant challenges, given that all types of prosthetic valves pose major problems during pregnancy. Bioprostheses have limited durability and may degenerate more quickly during pregnancy. Mechanical valves are associated with a much higher risk of thrombosis during pregnancy, and the various options for anticoagulation all pose risks to the mother and fetus. 49, 50 Initial enthusiasm for the Ross procedure waned after patients began to return for complex reoperations. Decades of surgical experience and analysis of long-term outcomes have led to modifications to the technique and improvement in patient selection. An expanding body of recent literature has shown improved survival free from valve-related events in patients undergoing the Ross procedure compared with mechanical AVR. As the literature favoring the Ross procedure becomes more abundant, it becomes increasingly more difficult to simply dismiss this option for a young or middle-aged adult with aortic stenosis. Surgeons and cardiologists are responsible for reviewing the literature objectively and discussing the options for AVR in detail with their patients. A dilemma will emerge as few centers worldwide are able to offer the Ross with low perioperative risk and durable results. Of utmost importance is the need for appropriate patient selection, patient management by an experienced team, and careful prospective follow-up and reporting of all patients undergoing the Ross procedure, so that the technical aspects may be further refined. It must be emphasized that the Ross procedure should not be performed sporadically, and that a minimum annual volume of 10 to 15 of these operations-along with other aortic root procedures-is required to achieve and maintain competence.
CONCLUSIONS
Matching the patient to the most appropriate valve substitute is not always straightforward, particularly for young and middle-aged patients. Young patients often have a higher level of physical activity, are primarily concerned with quality of life, and because of their life expectancy have prolonged exposure to potential valve-related complications. The Ross procedure provides excellent freedom from death and valve-related complications in wellselected patients when performed in experienced centers.
